Abstract: Recombination of charge carriers at silicon surfaces is one of the biggest loss mechanisms in crystalline silicon (c-Si) solar cells. Hafnium oxide (HfO 2 ) has attracted much attention as a passivation layer for n-type c-Si because of its positive fixed charges and thermal stability. In this study, HfO 2 films are deposited on n-type c-Si using remote plasma atomic layer deposition (RP-ALD). Post-annealing is performed using a rapid thermal processing system at different temperatures in nitrogen ambient for 10 min. The effects of post-annealing temperature on the passivation properties of the HfO 2 films on c-Si are investigated. Personal computer one dimension numerical simulation for the passivated emitter and rear contact (PERC) solar cells with the HfO 2 passivation layer is also presented. By means of modeling and numerical computer simulation, the influence of different front surface recombination velocity (SRV) and rear SRV on n-type silicon solar cell performance was investigated. Simulation results show that the n-type PERC solar cell with HfO 2 single layer can have a conversion efficiency of 22.1%. The PERC using silicon nitride/HfO 2 stacked passivation layer can further increase efficiency to 23.02% with an open-circuit voltage of 689 mV.
Introduction
Reduction of surface recombination is very important for crystalline silicon (c-Si)-based electronic devices, and especially for high-efficiency c-Si solar cells. Because of the increasing need for lower-cost silicon solar cells, as Si material has a rather high cost, thinner Si substrates are required. Conventional surface passivation for Si involves the formation of a thin silicon dioxide (SiO 2 ) layer. However, this process requires a long period at high temperatures, leading to an increased thermal budget. Due to these process-related issues, low-temperature surface passivation methods for both heavily doped and moderately doped c-Si surfaces have been widely studied. Several materials such as SiC, a-Si:H, and Si 3 N 4 have been considered for surface passivation [1] . Recently, Al 2 O 3 films grown via atomic layer deposition (ALD) have been reported to have good surface passivation on p-type c-Si [2, 3] . ALD provides a very precise control over the properties of the material, especially the uniformity and thickness of dielectric layers. However, an Al 2 O 3 passivation layer has negative fixed charges, which result in an inversion layer on the n-type wafer surface, causing short-circuit current loss due to the parasitic shunting between this inversion layer and metal contact [4] . HfO 2 films have positive fixed charges and this makes it very suitable for passivation of n-type silicon wafers. There is currently limited research focusing on the passivation of HfO 2 on n-type silicon wafers for silicon solar cells [5, 6] .
In this work, the surface passivation properties of the HfO 2 films deposited by a remote plasma atomic layer deposition system (RP-ALD) on n-type c-Si with different post-annealing temperatures are investigated. The structural changes and the electrical properties of the thin films induced by annealing temperature are characterized. Finally, PC1D (Version 5.9, University of New South Wales, Sydney, NSW, Australia, 2003) simulation for HfO 2 -passivated n-type silicon solar cells is presented.
Experimental
Double-sided polished (100)-oriented n-type 0.5-1 ohm-cm six-inch 200 µm thick Czochralski Si wafers were cleaned by a standard Radio Corporation of America method, and a 2% hydrogen fluoride-dip for 60 s was performed to remove stray oxides. Approximately 15 nm of HfO 2 (168 cycles) were deposited by remote plasma ALD (Picosun R-200) (Picosun, Espoo, Finland) on the wafers using tetrakis(ethylmethylamino)hafnium (TEMAH) and oxygen as the precursors. The pulse times for TEMAH and O 2 were 1.6 and 10 s, respectively. The nitrogen purge time was 10 s for both precursors. The plasma power was 2500 W. The substrate temperature was 250 • C. The post-deposition rapid thermal anneal was performed in N 2 for 10 min, and the annealing temperature was varied from 400 to 650 • C to investigate the effect on surface passivation. The hydrogenated silicon nitride (SiN x :H)/HfO 2 stacked layer was prepared and annealed at 500 • C. The SiN x :H layer with a thickness of 120 nm was deposited using radio-frequency inductively coupled plasma chemical vapor deposition with a gas mixture of trimethylsilane (TMS) and ammonia (NH 3 ) at a temperature of 120 • C, a power of 1200 W, and a pressure of 5 mTorr. The flow rates of the TMS and NH 3 were 35 and 25 sccm, respectively. The injection level-dependent minority carrier lifetime of the wafers was measured using quasi-steady-state photoconductance (Sinton Instruments WCT-120) (Sinton Instruments, Sinton, CO, USA). Assuming an infinite bulk lifetime, a maximum surface recombination rate S max was calculated from the lifetime measurements as given by
where W is the wafer thickness and τ eff is the measured effective lifetime at an injection level of 1 × 10 15 cm −3 . For the capacitance-voltage (C-V) measurement, the MOS capacitors with an area of 2 × 10 −3 cm 2 were defined by evaporating of Au electrodes onto HfO 2 in high vacuum (1 × 10 −6 Torr). The positive oxide charge density (Q f ) was extracted from the C-V curves as given by
where ϕ ms is the work function difference between the metal and semiconductor, V FB is the flat band voltage, C ox is the oxide capacitance, q is the electron charge, and A is the electrode area. The interface charge density (D it ) was calculated from the conductance-voltage curves using the expression [7] 
where G max is the maximum conductance, and C m is the measured capacitance at a frequency ω. The bonding configuration of the HfO 2 films was investigated by Fourier transformation infrared (FTIR) spectroscopy. The cross-sectional images of the HfO 2 films were observed by transmission electron microscopy (TEM). The simulation of solar cell performance was carried out using PC1D computer software. Figure 1 shows the FTIR spectra for the HfO 2 films with different post-annealing temperatures ranging from 400 to 650 • C. The absorbance peaks at 415, 512, 600, 623, and 750 cm −1 are assigned to Hf-O bonding configuration [8] [9] [10] [11] . The peaks at 820, 1000, and 1108 cm −1 correspond to the Si-O bonds in the films [8] [9] [10] . Considering the as-deposited HfO 2 sample, the Si-O peak at 1108 cm −1 suggests that the as-deposited film already consists of an SiO x -like interfacial layer between the silicon wafer and HfO 2 layer. This is similar to the Al 2 O 3 /Si system, which attributes the presence of the interfacial SiO x layer to the first few ALD cycles [12] . The SiO x peak intensity enhances at the annealing temperature of 400 • C, but it then drops when the annealing temperature further increases. For the annealing temperatures of 550-650 • C, the peak is almost unobservable, which in turn infers that these samples have nearly no SiO x interfacial layer. On the other hand, the intensity of the Hf-O peak at 623 cm −1 increases when the annealing temperature increases. The enhancement of the signal intensity may be a result of densification of the HfO 2 films during the annealing process. It seems that there is a competitive process between the formation of Si-O and Hf-O bonds. Oxygen atoms bond to silicon atoms at low temperatures, but they are consumed by bonding to Hf under high-temperature annealing conditions. Varying the annealing temperature can therefore control the interfacial layer.
Results and Discussion
Appl. Sci. 2017, 7, 1244 3 of 9 Figure 1 shows the FTIR spectra for the HfO2 films with different post-annealing temperatures ranging from 400 to 650 °C. The absorbance peaks at 415, 512, 600, 623, and 750 cm −1 are assigned to Hf-O bonding configuration [8] [9] [10] [11] . The peaks at 820, 1000, and 1108 cm −1 correspond to the Si-O bonds in the films [8] [9] [10] . Considering the as-deposited HfO2 sample, the Si-O peak at 1108 cm −1 suggests that the as-deposited film already consists of an SiOx-like interfacial layer between the silicon wafer and HfO2 layer. This is similar to the Al2O3/Si system, which attributes the presence of the interfacial SiOx layer to the first few ALD cycles [12] . The SiOx peak intensity enhances at the annealing temperature of 400 °C, but it then drops when the annealing temperature further increases. For the annealing temperatures of 550-650 °C, the peak is almost unobservable, which in turn infers that these samples have nearly no SiOx interfacial layer. On the other hand, the intensity of the Hf-O peak at 623 cm −1 increases when the annealing temperature increases. The enhancement of the signal intensity may be a result of densification of the HfO2 films during the annealing process. It seems that there is a competitive process between the formation of Si-O and Hf-O bonds. Oxygen atoms bond to silicon atoms at low temperatures, but they are consumed by bonding to Hf under hightemperature annealing conditions. Varying the annealing temperature can therefore control the interfacial layer. Figure 2a shows n-type PERC solar cell structure consisting of an Al2O3 emitter passivation layer and an HfO2 rear passivation layer. The TEM cross-sectional image of the HfO2/n-type Si interface annealed at 550 °C is shown in Figure 2b . The extent of the atom arrangement order can be used for evaluation of crystallization of films. It can be seen that the atoms in the HfO2 region are orderly arranged, indicating the high crystallinity achieved at the annealing temperature of 550 °C. The interfacial SiOx layer with a thickness of approximately 2.5 nm can be seen, but both sides of this interfacial layer are partially crystallized. It has been reported that HfO2 would be possibly crystallized at temperatures greater than 400 °C [13] . It should be noted that the interfacial layer in the as-deposited sample is approximately 3 nm of amorphous SiOx .The crystallization near the HfO2/SiO2 interface causes a thickness reduction in the actual amorphous SiOx layer. This phenomenon is more pronounced when the annealing temperature is elevated. In Figure 2b , the amorphous SiOx layer is significantly inhomogeneous, and the SiOx layer can hardly be distinguished in some regions. This is in agreement with the decreased signal intensity of SiOx found via FTIR, as Figure 2b . The extent of the atom arrangement order can be used for evaluation of crystallization of films. It can be seen that the atoms in the HfO 2 region are orderly arranged, indicating the high crystallinity achieved at the annealing temperature of 550 • C. The interfacial SiO x layer with a thickness of approximately 2.5 nm can be seen, but both sides of this interfacial layer are partially crystallized. It has been reported that HfO 2 would be possibly crystallized at temperatures greater than 400 • C [13] . It should be noted that the interfacial layer in the as-deposited sample is approximately 3 nm of amorphous SiO x .The crystallization near the HfO 2 /SiO 2 interface causes a thickness reduction in the actual amorphous SiO x layer. This phenomenon is more pronounced when the annealing temperature is elevated. In Figure 2b , the amorphous SiO x layer is significantly inhomogeneous, and the SiO x layer can hardly be distinguished in some regions. This is in agreement with the decreased signal intensity of SiO x found via FTIR, as it almost disappears at annealing temperatures greater than 550 • C. As the SiO x interfacial layer is usually considered to play an important role in decreasing the interface defect density in the dielectric/Si system [12] , annealing temperatures equal to or higher than 550 • C are not preferable.
it almost disappears at annealing temperatures greater than 550 °C. As the SiOx interfacial layer is usually considered to play an important role in decreasing the interface defect density in the dielectric/Si system [12] , annealing temperatures equal to or higher than 550 °C are not preferable. . This might be due to the formation of the Si-O interfacial layer, which causes the Hf atoms near the interface region to bond with oxygen atoms in oxygen-poor conditions. The oxygen vacancies are known to be the main cause of positive charges in HfO2 films [14, 15] . The Qf decreases from 9 × 10 12 to 6.9 × 10 11 cm −2 when the annealing temperature increases from 400 to 650 °C. As shown by the FTIR results, the bonding configuration changes from Si-O to Hf-O, so the oxygen vacancies of HfO2 near the interface reduce when the annealing temperature increases. Another reason for the smaller Qf values of the annealed samples compared to the as-deposited one is the crystallization of HfO2 at these annealing temperatures. In particular, the HfO2 films are completely crystallized when the annealing temperature reaches 550 °C or above, leading to very low Qf values of around 0.5 × 10 11 cm −2 . The value of Dit decreases from 5.1 × 10 13 cm −2 eV −1 for the as-deposited sample to a minimum 6.1 × 10 12 cm −2 eV −1 for the sample annealed at 500 °C, and then increases to 1.4 × 10 13 cm −2 eV −1 when the temperature further increases to 650 °C. Several studies have suggested that interfacial SiOx plays a critical role in the reduction of interface defect density [12] . The high Dit of the as-deposited sample is due to the fact that SiOx deposited at low temperatures has many pores and defects near the SiOx/Si interface. Increasing the deposition temperature of SiOx can increase film density, therefore decreasing the Dit. However, for the annealing temperatures from 550 and 650 °C, the nearly disappeared SiOx interfacial layer is responsible for the increased Dit. Table 1 lists the values of τeff for the HfO2/Si with different annealing conditions. Lifetimes with two injection levels, 1 × 10 14 cm −3 (τeff,low) and 1 × 10 15 cm −3 (τeff,high), are specified. The higher injection level corresponds to the evaluation of a solar cell operating under normal conditions, while the degradation of the lifetime at low injection levels can be used for assessing the field effect passivation [16] . In this work, the latter was done by introducing the ratio τeff,low/τeff,high. Note that the passivation of the as-deposited HfO2/Si sample is poor such that the high-injection-level lifetime is not measurable. The τeff,high value increases from 15.2 µs to the maximum of 74.7 µs when the annealing temperature increases from 400 to 500 °C, and it then decreases to 19.4 µs when the temperature further increases to 650 °C. As the 500 °C-annealed sample has the highest lifetime and the lowest Dit, this result supports the claim that low Dit is the prerequisite of high passivation quality. The ratio of τeff,low to τeff,high can be divided into two groups. A ratio is around 0.61-0.68 for annealing temperatures of 550-650 °C. This indicates that annealing temperatures equal to or greater than 550 °C can deteriorate the field effect passivation. This is also in agreement with the low Qf values of these samples. On the other hand, annealing temperatures of 400, 450, and 500 °C result in a ratio around . This might be due to the formation of the Si-O interfacial layer, which causes the Hf atoms near the interface region to bond with oxygen atoms in oxygen-poor conditions. The oxygen vacancies are known to be the main cause of positive charges in HfO 2 films [14, 15] . The Q f decreases from 9 × 10 12 to 6.9 × 10 11 cm −2 when the annealing temperature increases from 400 to 650 • C. As shown by the FTIR results, the bonding configuration changes from Si-O to Hf-O, so the oxygen vacancies of HfO 2 near the interface reduce when the annealing temperature increases. Another reason for the smaller Q f values of the annealed samples compared to the as-deposited one is the crystallization of HfO 2 at these annealing temperatures. In particular, the HfO 2 films are completely crystallized when the annealing temperature reaches 550 • C or above, leading to very low Q f values of around 0.5 × 10 11 cm −2 . The value of D it decreases from 5.1 × 10 13 cm −2 eV −1 for the as-deposited sample to a minimum 6.1 × 10 12 cm −2 eV −1 for the sample annealed at 500 • C, and then increases to 1.4 × 10 13 cm −2 eV −1 when the temperature further increases to 650 • C. Several studies have suggested that interfacial SiO x plays a critical role in the reduction of interface defect density [12] . The high D it of the as-deposited sample is due to the fact that SiO x deposited at low temperatures has many pores and defects near the SiO x /Si interface. Increasing the deposition temperature of SiO x can increase film density, therefore decreasing the D it . However, for the annealing temperatures from 550 and 650 • C, the nearly disappeared SiO x interfacial layer is responsible for the increased D it . Table 1 lists the values of τ eff for the HfO 2 /Si with different annealing conditions. Lifetimes with two injection levels, 1 × 10 14 cm −3 (τ eff,low ) and 1 × 10 15 cm −3 (τ eff,high ), are specified. The higher injection level corresponds to the evaluation of a solar cell operating under normal conditions, while the degradation of the lifetime at low injection levels can be used for assessing the field effect passivation [16] . In this work, the latter was done by introducing the ratio τ eff,low /τ eff,high . Note that the passivation of the as-deposited HfO 2 /Si sample is poor such that the high-injection-level lifetime is not measurable. The τ eff,high value increases from 15.2 µs to the maximum of 74.7 µs when the annealing temperature increases from 400 to 500 • C, and it then decreases to 19.4 µs when the temperature further increases to 650 • C. As the 500 • C-annealed sample has the highest lifetime and the lowest D it , this result supports the claim that low D it is the prerequisite of high passivation quality. The ratio of τ eff,low to τ eff,high can be divided into two groups. A ratio is around 0.61-0.68 for annealing temperatures of 550-650 • C. This indicates that annealing temperatures equal to or greater than 550 • C can deteriorate the field effect passivation. This is also in agreement with the low Q f values of these samples. On the other hand, annealing temperatures of 400, 450, and 500 • C result in a ratio around 0.9-0.94. The high values and small variation indicate that the Q f of 4.4 × 10 12 cm −3 is enough to achieve field-effect passivation. In order to obtain the influence of the annealing temperature on the performance of n-type PERC solar cells, PC1D simulation was performed. The detailed simulation parameters are summarized in Table 2 , and the cell structure is shown in Figure 2a . Some values are taken from the literature [17] . The most important thing to assess the performance of PERC solar cells is the open-circuit voltage (Voc), which can be calculated using the one-diode equation:
where k is the Boltzmann constant, T is the temperature, q is the electron charge, JL is the generated light current, J0b is the base saturation current density, and J0e is the emitter saturation current. The rear surface passivation affects the value of J0b, which is given by
where ni is the intrinsic concentration of silicon, Dp is the hole diffusion coefficient, L is the diffusion length, and ND is the n-type silicon doping concentration. It should be noted that, as a PERC solar cell has local openings on the rear side, the silicon wafer is in contact with either the HfO2 passivation In order to obtain the influence of the annealing temperature on the performance of n-type PERC solar cells, PC1D simulation was performed. The detailed simulation parameters are summarized in Table 2 , and the cell structure is shown in Figure 2a . Some values are taken from the literature [17] . The most important thing to assess the performance of PERC solar cells is the open-circuit voltage (V oc ), which can be calculated using the one-diode equation:
where k is the Boltzmann constant, T is the temperature, q is the electron charge, J L is the generated light current, J 0b is the base saturation current density, and J 0e is the emitter saturation current. The rear surface passivation affects the value of J 0b , which is given by
where n i is the intrinsic concentration of silicon, D p is the hole diffusion coefficient, L is the diffusion length, and N D is the n-type silicon doping concentration. It should be noted that, as a PERC solar cell has local openings on the rear side, the silicon wafer is in contact with either the HfO 2 passivation layer or the back metal contact, so two types of rear recombination can be considered, which are designated by S rear,pass and S rear,cont , respectively. Thus, the effective rear recombination rate (S rear,eff ) can be given as [18] 
The contact pitch (p) is 250 µm, and the back contact fraction (f ) is 2%-the same as that of industrial PERC cells. Therefore, we can obtain the corresponding S rear,eff for different annealing conditions. Figure 4 shows the performance in terms of such parameters as V oc , short-circuit current density (J sc ), fill factor (FF), and conversion efficiency (η) of the n-type PERC solar cells with different HfO 2 annealing temperatures. It should be noted that here we only consider the single HfO 2 passivation layer, instead of the SiN x :H/HfO 2 stacked passivation layer. In Figure 4a , V oc varies from 651 mV to its maximum 672.2 mV when the annealing temperature increases from 400 to 500 • C, and then drops to 653.8 mV when the annealing temperature is further increased. J sc and FF show slight variation as compared to V oc . Overall, the conversion efficiency changes ranging between 20.8% and 22.1%, and the trend is similar to that of V oc , as it is the most sensitive parameter when the rear surface recombination rate changes. 
The contact pitch (p) is 250 µm, and the back contact fraction (f) is 2%-the same as that of industrial PERC cells. Therefore, we can obtain the corresponding Srear,eff for different annealing conditions. Figure 4 shows the performance in terms of such parameters as Voc, short-circuit current density (Jsc), fill factor (FF), and conversion efficiency (η) of the n-type PERC solar cells with different HfO2 annealing temperatures. It should be noted that here we only consider the single HfO2 passivation layer, instead of the SiNx:H/HfO2 stacked passivation layer. In Figure 4a , Voc varies from 651 mV to its maximum 672.2 mV when the annealing temperature increases from 400 to 500 °C, and then drops to 653.8 mV when the annealing temperature is further increased. Jsc and FF show slight variation as compared to Voc. Overall, the conversion efficiency changes ranging between 20.8% and 22.1%, and the trend is similar to that of Voc, as it is the most sensitive parameter when the rear surface recombination rate changes. . This great improvement might be because the SiNx:H layer can provide hydrogen atoms diffusing toward the substrate surface to further passivate the SiOx/Si interface, similar to the case of the SiNx:H/Al2O3 structure [19, 20] . From Equation (5), the lower limit of J0b is 33.9 fA/cm 2 , corresponding to Voc of 694 mV and an η of 23.28% for the ideal rear passivation (Srear,pass = 0). The small gap between the cell with ideal passivation and the cell with an SiNx:H/HfO2 stacked layer indicates the high passivation quality of the HfO2-based technique for n-type PERC solar cells. 
Conclusions
In this study, the HfO2 thin films were deposited using a remote plasma ALD system on n-type silicon wafers. At the annealing temperature greater than 500 °C, the FTIR spectra show that the SiOx peak disappears, and this is responsible for the decrease in minority carrier lifetime of silicon wafers. The annealing temperature of 500 °C was the highest, with the lowest Dit and intermediate Qf. The PC1D simulation result shows that the n-type PERC cell with an HfO2 single layer can have a [19, 20] . From Equation (5), the lower limit of J 0b is 33.9 fA/cm 2 , corresponding to V oc of 694 mV and an η of 23.28% for the ideal rear passivation (S rear,pass = 0). The small gap between the cell with ideal passivation and the cell with an SiN x :H/HfO 2 stacked layer indicates the high passivation quality of the HfO 2 -based technique for n-type PERC solar cells. . This great improvement might be because the SiNx:H layer can provide hydrogen atoms diffusing toward the substrate surface to further passivate the SiOx/Si interface, similar to the case of the SiNx:H/Al2O3 structure [19, 20] . From Equation (5), the lower limit of J0b is 33.9 fA/cm 2 , corresponding to Voc of 694 mV and an η of 23.28% for the ideal rear passivation (Srear,pass = 0). The small gap between the cell with ideal passivation and the cell with an SiNx:H/HfO2 stacked layer indicates the high passivation quality of the HfO2-based technique for n-type PERC solar cells. 
In this study, the HfO2 thin films were deposited using a remote plasma ALD system on n-type silicon wafers. At the annealing temperature greater than 500 °C, the FTIR spectra show that the SiOx peak disappears, and this is responsible for the decrease in minority carrier lifetime of silicon wafers. The annealing temperature of 500 °C was the highest, with the lowest Dit and intermediate Qf. The PC1D simulation result shows that the n-type PERC cell with an HfO2 single layer can have a 
In this study, the HfO 2 thin films were deposited using a remote plasma ALD system on n-type silicon wafers. At the annealing temperature greater than 500 • C, the FTIR spectra show that the SiO x peak disappears, and this is responsible for the decrease in minority carrier lifetime of silicon wafers. The annealing temperature of 500 • C was the highest, with the lowest D it and intermediate Q f . The PC1D simulation result shows that the n-type PERC cell with an HfO 2 single layer can have a conversion efficiency of 22.1%, while the SiN x :H/HfO 2 stacked passivation layer with a surface recombination rate down to 22 cm/s can improve the conversion efficiency to as high as 23.02% with a V oc of 689 mV. The small gap between the cell with ideal passivation and the cell with the SiN x :H/HfO 2 stacked layer indicates great passivation quality of the HfO 2 -based technique for n-type PERC solar cells.
